The dynamics of the liquid crystal director in "near magic angle" sample spinning has been investigated in mesophases with positive and negative diamagnetic susceptibility anisotropies and their mixtures with near-zero macroscopic diamagnetic anisotropy. To this end the deuteron quadrupolar splitting of deuterochloroform dissolved in liquid crystals has been monitored. In systems with weakly positive diamagnetic susceptibility anisotropy (Ax), the director has been observed to switch from an orientation parallel to the spinning axis at low rotational speeds to one perpendicular to the spinning axis at high rotational speeds when the angle (6) the axis of rotation makes with the magnetic field is smaller than the magic angle (0,). For systems with a small negative Ax similar director behaviour has been observed for 13 greater than B,,,.
Introduction
The director of a nematic liquid crystal of a static sample orients either parallel or perpendicular to an external magnetic field, depending on the sign of the diamagnetic susceptibility anisotropy (Ax). This property has given rise to a large number of interesting applications [ 1, 2] of NMR spectroscopy of oriented systems. The rather recent discovery that the director of a liquid crystal, when spun in a magnetic field at an angle other than 0' or 90 ' with respect to the magnetic field at a speed higher than a critical speed (w,), can be made to orient along or perpendicular to the spinning axis [ 3, 4] has opened up other interesting possibilities for applications [ 5, 6] . The spectral pattern and the dynamics of the director orientation in a spinning liquid crystal sample has also attracted the attention of other groups [ 7-91, In this paper, we present the results of NMR investigations carried out on a quadrupolar nucleus ('H in deuterated chloroform) in single as well as in mixtures of liquid crystals spinning at angles close to the magic angle. The liquid crystals used were trans-ppentyl4-cyanophenyl)-cyclohexane (S-l 114) with Ax > 0 and ' To whom correspondence should be addressed. a ternary eutectic mixture of propyl, pentyl and heptyl bicyclohexyl carbonitrile (ZLI-1167) with Ax < 0. We have carried out these experiments at different spinning speeds and have observed that in mixtures of liquid crystals the director can switch orientation with the spinning speed when the axis of sample rotation makes an angle 0 less than the magic angle (6,) for systems with Ax weakly positive and when 6 is greater than 8, for systems with Ax weakly negative.
Experimental
Deuteron NMR studies in 8 w-to/a solutions of deuterochloroform (CDC&) dissolved in S-l 114 and ZLI-1167 were undertaken. In addition, a 1: 1 mixture of ZLI-1167 and S 1114 with about 8 wt% CDCIX was also prepared. Such a mixture has macroscopic Ax x 0 and has spectra corresponding to the two orientations of the liquid crystal director oriented along and orthogonal to the magnetic field [ lo] . To such a mixture, S-l 114 or ZLI-1167 was added slightly in excess to make the macroscopic Ax either weakly positive or negative respectively. The experiments were carried out on a Bruker MSG300 PI-NMR spectrometer. The deuterium resonance frequency was 46.07 MHz. A double-bearing magic-angle sample spinning probe was employed. The spinning speeds could be varied from 200 to 1600 Hz, but the variation of the angle of the sample rotation axis was restricted to 4-5 o on either side of the "magic angle".
Results
Figs. 1A and 1B show 'H-NMR spectra of CDC13 in S-l 114 spun at two different speeds, the angle 8 the rotor axis makes with the magnetic field being 53" (19<8,). Thespectrafor 8=56.5" (6>6,) are shown in figs. 1 C and 1 D. The spectrum of the static sample is also included in fig. 1 (E) for comparison. For 8 < 8,, the director aligns parallel to the spinning axis [ 31 and the spectrum consists of a doublet with separation 598 Hz scaled by a factor d= 4 (3 cos2@ -1) as compared to the static sample. For different spinning speeds, the spectra appear to be similar except for the position of the rather weak spinning side bands which appear due to a distribution in the director orientation around the spinning axis. For 8 > 8, the director is expected to orient in a plane pe~en~cular to the spinning axis [ 31. Since the spinning speeds employed are smaller than the quadrupolar splitting (15405 Hz for the static sample: fig. 1 E) , the spectrum splits into side bands, each side band being a doublet with separation proportional to -fd [ 71. If the director is oriented exactly perpendicular to the spinning axis only even-order side bands are expected [ 31. The appearance of weak odd-order side bands ( fig. IC) indicates that the director orients in other directions also. The oddorder side bands are more prominent at lower spinning speeds ( fig. 1 D) . However the splitting of the centre band remains nearly the same at different spinning speeds and the lines remain sharp. This indicates that the director orientation has a distribution about the plane pe~en~cular to the spinning axis with fast exchange between different orientations. Although this distribution of the director orientation appears to be different at different spinning speeds, the average orientation of the director in all these cases is perpendicular to the spinning axis. At low spinning speeds ( fig. 1 D) , a differential intensity between the two lines of any side band except the centre band is observed. This can be understood as follows. The observed quadrupolar spectrum can be considered to be the superposition of a satellite line appearing at frequency $dqa from the centre and its sidebands (qa is the quadrupolar splitting when the director aligns parallel to the magnetic field) appearing at intervals of +w, from it (w, is the sample rotation frequency) and another satellite line appearing at frequency -4.4% from the centre and its side bands. For orientations of the director other than PO" with respect to the spinning axis, side bands corresponding to any one satellite appearing at + no, and -no, can have different intensities. This will then result in doublets of unequal intensities for side bands of the same order [ lo,11 1. For CDC13 dissolved in ZLI-1167 (AX < 0), behaviour similar to that mentioned above is observed with the difference that for 8> em the director orients parallel to the spinning axis and for 6 < 8, the average orientation of the director is perpendicular to the spinning axis.
The effect of sample rotation on a mixture of liq- uid crystals with Ax % 0 has also been examined. It is observed that at all spinning speeds above the critical value, the director always aligns perpendicular to the spinning axis [ 9 1. In the present study, the effect of specimen rotation on samples with Ax small but not zero has been investigated. Thus, a "critical" mixture [ 121 of S-l 114 and ZLI-1167 containing CDC& where the two spectra corresponding to two orientations of the liquid crystal director "coexist" in a static sample was prepared. From such a sample two sets of solutions -one in which S-l 114 was slightly in excess and the other in which ZLI-1167 was slightly in excess -were prepared. The spectra of the sample with S-l 114 in excess are shown in fig. 2 . As can be seen (traces A and B) for a given 13 (6 > e,.,.,), the changes observed for different spinning speeds occur only in the side band patterns and can be understood as being due to varying distribution patterns of the director orientation at different spinning speeds. For 8<8,, the spectral patterns show significant changes when the spinning speed is varied. Fig. 2C corresponds to an orientation of the director perpendicular to the spinning axis, whereas fig. 2D corresponds to a parallel orientation. This can be seen from the presence of spinning side bands over a significantly large range of frequencies for rotor speed of 1200 Hz. Further, the splitting of the central doublet in fig. 2D (598 Hz) is nearly double that in fig. 2C (293 Hz).
Thus for a single liquid crystal system such as S-1114 with positive Ax, the director orientation remains parallel to the spinning axis (figs. 1 A, 1B) at different spinning speeds above a critical value for 8~8,. But for a system with Ax nearly zero and positive, for 8 < 8,, the director switches from an orientation along the spinning axis at low speeds to one perpendicular to it, at high speeds ( figs. 2C, 2D) .
We have observed a similar behaviour for the "critical" mixture with ZLI-1167 slightly in excess (Ax < 0) except that for 0 < 6,, no change in director orientation is observed when the spinning speed changes, and for 8 > 8,, the director switches orientation when spinning speed changes. In a "critical" mixture (Ax x 0), away from the "critical" temperature Ax is weakly positive or negative and it has been possible to observe a similar behaviour in the director orientations as a function of spinning speed.
A natural extension of these experiments is to investigate the director orientation behaviour in systems with larger Ax such as single liquid crystal systems. Our experiments to observe switching of the director orientation in such a system have not been successful as it appears that the spinning speeds required for this to happen are beyond the experimental capabilities of our system.
Conclusions
The above experiments confirm that the director orientation depends on Ax, the spinning speed and the angle the spinning axis makes with the magnetic field. By suitably adjusting these three parameters, it is possible to orient the director either parallel or perpendicular to the axis of sample rotation.
